Clinical trials of immunotherapy in mantle cell lymphoma have not yet delivered desirable results, partly because of the inhibitory machinery of the tumor and its microenvironment. Here we investigated the role of B7-H1, a member of the B7 family of co-stimulatory/co-inhibitory ligands, in mantle cell lymphoma-mediated immunosuppression. Allogeneic CD3 + , CD4
Introduction
Mantle cell lymphoma (MCL) is a unique subtype of incurable B-cell neoplasm that accounts for about 6% of nonHodgkin's lymphoma. 1 It is characterized by a specific t(11;14) (q13;q32) translocation, causing overexpression of cyclin D1. 2 MCL is typically disseminated at presentation, containing a leukemic component in 20%-30% of patients. 1 Most patients have advanced stage disease at initial diagnosis, and the prognosis is poorest among B-cell lymphoma patients, with a median survival of approximately 3-5 years. 3 Although progress has been made in the management of MCL in the past decade, persistent remissions are usually not achieved and the management of patients with relapsed or refractory MCL is still challenging. Novel treatment options are, therefore, needed to improve the clinical outcome in MCL patients.
Immunotherapy may emerge as an effective treatment and may offer a potential for cure in several lymphoma subtypes in combination with other treatments. Studies of autologous idiotype-specific T cells and evidence of clinical response to allogeneic donor lymphocyte infusions show that anti-lymphoma responses can be generated. 4 Idiotype protein has been proven to stimulate both humoral and cellular responses in lymphoma patients. 5 Autologous idiotype protein can be formulated into an immunogenic antigen in follicular lymphoma patients with minimal residual disease, 6 and a randomized, phase III clinical trial showed that vaccination with patient-specific hybridomaderived idiotype vaccine in first remission prolonged diseasefree survival in patients with follicular lymphoma. 7 However, two other similar randomized, phase III trials failed to demonstrate clinical benefits in vaccinated lymphoma patients. 8 The lack of clinical response may be related to the inhibitory mechanisms of tumor cells and/or their microenvironment, which may include impairment of co-stimulation and expression by tumor cells of co-inhibitory molecules that suppress T-cell responses. 9 The tumor-cell inhibitory machinery must, therefore, be targeted to improve the efficacy of immunotherapy in lymphoma patients.
Previous studies have shown that mRNA of B7-H1 (Pdcd-1L1, PD-L1, CD274), a member of the B7 family of co-stimulatory/co-inhibitory ligands, 10 is found in almost all normal tissues and organs in humans, while B7-H1 protein is rarely expressed in normal tissues and cells.
11 B7-H1 induces an inhibitory signal to T-cell-mediated immunity, plays an important role in T-cell regulation of various immune responses, and is involved in peripheral tolerance, autoimmunity and infection. 12 Recent studies demonstrated that the expression of B7-H1 protein is aberrantly up-regulated in various cancers such as gastric cancer, glioma, pancreatic cancer, renal cell carcinoma and urothelial cancer, and correlates with poor prognosis of the patients with these malignancies.
11 B7-H1 over-expression appears as a possible mechanism for tumors to escape from host immune surveillance. The growth of a tumorcell line was significantly increased after transfection with B7-H1. 13 In a murine model of tumor dormancy, long-term persistent leukemic cells over-expressed B7-H1 and B7.1 and were more resistant to cytotoxic T lymphocyte (CTL)-mediated killing. 14 In the present study, we investigated the role of B7-H1 in MCL-mediated immunosuppression in human MCL.
Methods

Patients and cell lines
The sources of primary MCL cells included bone marrow aspirates and peripheral blood from newly diagnosed and relapsed MCL patients, collected after obtaining informed consent. The study was approved by the Institutional Review Board at The University of Texas MD Anderson Cancer Center. Twelve bone marrow aspirates were derived from seven newly diagnosed and five relapsed MCL patients who had bone marrow involvement. Peripheral blood containing leukemic MCL cells was collected from five patients with relapsed MCL who also had bone marrow involvement. Mononuclear cells were separated by Ficoll-Hypaque density centrifugation, and MCL cells were isolated using anti-CD19 magnetic microbeads (Miltenyi Biotec, Auburn, CA, USA). Purified MCL cells were cryopreserved in liquid nitrogen until use. K562 and four human MCL lines, SP53, Mino, Granta 519 and Jeko-1 (ATCC, Manassas, VA, USA), were maintained in RPMI-1640 medium (Sigma, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA), penicillin (10,000 units/mL, Sigma), and streptomycin (10 mg/mL, Sigma).
Flow cytometry analysis
The expression of various surface MCL molecules, such as CD5, CD19, and CD20, was determined by direct immunofluorescence using FITC-conjugated antibodies against these molecules. After staining, cells were resuspended in phosphate-buffered saline and analyzed by a FACScan flow cytometer (Becton Dickinson). To examine the expression of B7-H1, we gated on CD19 + /CD5 + cells to identify MCL tumor cells. SP53 and Granta 519 cells were transfected using human Pdcd-1L1 or control small hairpin (sh)RNA lentiviral particles (Santa Cruz Biotechnology, Santa Cruz, CA, USA) according to the manufacturer's protocol to knockdown B7-H1 expression in the cells. The untreated SP53 or Granta 519 cells are referred to as SP53-wt or Granta 519-wt, the control shRNA-transfected SP53 or Granta 519 cells as SP53-ctl or Granta 519-ctl, and the B7-H1 specific shRNA-transfected SP53 or Granta 519 cells as SP53-kd or Granta 519-kd, respectively.
B7-H1 small hairpin RNA transfection of tumor cells by lentivirus
Generation of tumor-reactive, alloantigen-specific cytotoxic T lymphocyte lines
Allogeneic CD3
+ T cells were co-cultured in T-cell medium with irradiated SP53-wt, SP53-ctl, SP53-kd, Granta 519-wt, Granta 519-ctl, or Granta 519-kd. After at least four repeated cycles of in vitro restimulation, T-cell lines were generated, and named CTL-SP53-wt, CTL-SP53-ctl, CTL-SP53-kd, CTL-Granta 519-wt, CTL-Granta 519-ctl and CTL-Granta 519-kd, based on their stimulatory MCL cells. T-cell lines were expanded in T-cell medium containing recombinant interleukin (IL)-2, IL-7, and IL-15 for 2 weeks and subjected to functional tests.
Cytotoxicity assay
The standard 4-h 51 Cr-release assay was performed to measure the cytolytic activity of the T-cell lines with target cells including SP53-wt, SP53-ctl, SP53-kd, Granta 519-wt, Granta 519-ctl, Granta 519-kd, primary tumor cells isolated from MCL patients, peripheral blood mononuclear cells (PBMC), B cells and K562 cells, as described previously.
15
Statistical analysis
The Student's t test was used to compare various experimental groups. A P value less than 0.05 was considered statistically significant. Unless otherwise indicated, means and standard deviations (SD) are shown.
Other methods
Details on the reverse transcriptase polymerase chain reaction analyses, western blot studies, proliferation assays, cytokine enzyme-linked immunosorbent assays (ELISA), generation of tumor-reactive, alloantigen-specific CTL lines, cytotoxic assays, and adoptive therapy in SCID mice are provided in the Online Supplementary Material.
Results
B7-H1 is constitutively expressed by mantle cell lymphoma cell lines and primary mantle cell lymphoma cells
We found that B7-H1 mRNA ( Figure 1A ) and total protein ( Figure 1B) were expressed in most MCL cell lines and all primary MCL cells from six patients examined. Flow cytometry analysis showed that surface B7-H1 was expressed in most MCL cell lines ( Figure 1C ) and primary MCL cells of 17 patients (Figure 1D ), and the percentages of B7-H1 + cells were significantly higher in primary MCL cells than in normal PBMC (P<0.01) or B cells (P<0.01).
As B7-H1 is usually an inducible molecule in normal cells, we investigated whether the tumor microenvironment or inflammatory factors may have contributed to MCL B7-H1 expression. Since our preliminary studies showed that MCL secreted IL-10 and tumor necrosis factor-α (TNF-α) (Online Supplementary Figure S1A) , we used neutralizing monoclonal antibodies (mAb) to neutralize MCL-secreted IL-10 or TNF-α and found that B7-H1 expression was decreased by neutralizing IL-10 ( Figure 1E ) but not by TNF-α neutralization (data not shown). Moreover, interferon-γ (IFN-γ), which is the main inducer of B7-H1 expression in normal cells, 16, 17 significantly up-regulated B7-H1 expression in primary MCL cells and SP53 and Granta 519 cells ( Figure 1F ). As we detected expression of TLR4 in MCL cell lines and primary MCL cells from patients (Online Supplementary Figure S1B) , we used lipopolysaccharide (LPS) to incubate MCL cells and found that B7-H1 surface expression was upregulated in MCL cells ( Figure 1F ). LPS also induced B7-H1 mRNA expression in dose-and time-dependent ways (Online Supplementary Figure S1C ,D).
Blocking or knocking down B7-H1 on mantle cell lymphoma cells significantly increases their capacity to induce proliferation of alloreactive T cells
To investigate the functional significance of B7-H1 expressed on MCL cells, we co-cultured allogeneic CD3 + , CD4
+ and CD8 + T cells isolated from healthy donors with irradiated SP53, Granta 519, or primary MCL cells from two B7-H1 inhibits T-cell response to MCL tumor cells haematologica | 2013; 98 (9)patients. B7-H1 blocking antibody or control IgG was used to pre-incubate MCL cells before adding the cells to allogeneic T cells. As shown in Figure 2A -C, the presence of B7-H1-blocking antibody, but not control IgG, significantly increased the proliferation of allogeneic CD3 + , CD4
+ and CD8 + T cells (P<0.05, compared with medium or IgG control). Similar results were also obtained when PD-1, which is a ligand for B7-H1, blocking antibody was used (Online Supplementary Figure S2A ; P<0.05, compared with medium or control IgG). Indeed, alloreactive T cells expressed PD-1 on their surface (Online Supplementary Figure S2B ). These findings indicate that B7-H1/PD-1 signaling inhibited T-cell proliferation in response to alloantigens.
To confirm the role of B7-H1 in the suppression of T-cell proliferation, we knocked down B7-H1 gene expression in SP53 and Granta 519 cells by using B7-H1-specific shRNA lentiviral particles. Upon transfection, B7-H1-specific shRNA reduced B7-H1 gene ( Figure 3A ), total protein ( Figure 3B ) and surface protein ( Figure 3C 
Generation of mantle cell lymphoma tumor-reactive T-cell lines
Although previous studies indicated that expression of B7-H1 in solid tumor cells may inhibit tumor-specific T cells, little is known about its potential contribution to the suppression of host antitumor immunity in MCL. To investigate this issue, we generated MCL-reactive T-cell lines from HLA-A*0201
+ healthy blood donors. Irradiated SP53-wt, SP53-ctl, SP53-kd, Granta 519-wt, Granta 519-ctl and Granta 519-kd were used as stimulatory cells and co-cul-haematologica | 2013; 98(9) Next we examined the cytolytic activity of these T-cell lines. We used T-cell lines generated from wild-type Granta 519 or SP53 and showed that the T cells killed not only the stimulatory MCL cell lines, but also HLA-A*0201 + primary MCL cells (patients [1] [2] [3] . No killing was observed on HLA-A*0201 -primary MCL cells (patient 4) or K562 cells ( Figure  4D ), indicating that natural killer cells were not responsible for the killing. To determine MHC restriction of the T-cellmediated cytotoxicity, we evaluated the inhibitory effects of anti-MHC mAb. As shown in Figure 4E , mAb against MHC class I (HLA-ABC) significantly inhibited killing of the target cells by the T-cell lines (P<0.01, compared with medium control). No inhibitory effect was observed with mAb against MHC class II (HLA-DR) and control IgG. The results indicate that the cytotoxicity of the T cells was attributed to MHC class I-restricted, CD8 + T-cell-mediated killing.
We also examined whether the T cells were cytolytic to normal hematopoietic cells and HLA-mismatched control tumor target MDA231. In these experiments, purified PBMC and B cells from MCL patients #1-3 as well as MDA231 were used as target cells to demonstrate whether the T cells were cytolytic to normal cells and HLA-mismatched control tumor target. As shown in Figure 4D , although the T cells were alloantigen-specific, less killing was observed against normal B cells or PBMC from the same patients or MDA231. These findings may suggest that the T cells recognized tumor-derived peptides in the context of allogeneic MHC molecules, which were not present on the surface of normal blood cells and HLA-mismatched control tumor target.
B7-H1 mediates a direct inhibitory effect on T-cell lysis of their targets
We examined the cytolytic activity of T-cell lines against MCL cells. As shown in Figure 5 , the CTL-SP53-kd ( Figure  5A ) and CTL-Granta 519-kd ( Figure 5B (9) 1461 killing of their target cells as compared with control T-cell lines (P<0.05 to P<0.01). To exclude the possibility that the better killing was caused by more CD8 + T cells in the CTL-SP53-kd or CTL-Granta 519-kd line than in other cell lines, we isolated CD8 + T cells from the T-cell lines and compared their cytolytic activity. We found that CD8 + T cells isolated from CTL-SP53-kd or CTL-Granta 519-kd lines again showed better killing of their target cells as compared with the same numbers of CD8 + T cells from control T-cell lines ( Figure 5C ; P<0.01). More importantly, MCL cells with B7-H1 knockdown were significantly more sensitive than the wild-type or control cells to T-cell-mediated cytotoxicity (Figure 5D,E; P<0.05 to P<0.01) . Moreover, when wild-type SP53 or Granta 519 cells were pre-incubated with B7-H1 blocking mAb, these cells became equally sensitive, as compared with B7-H1-knocked down cells, to the killing (Figure  5F ,G; P<0.05 to P<0.01). Similar results were also obtained using PD-1 blocking mAb (Online Supplementary Figure S2C ; P<0.01). These results strongly suggest that B7-H1/PD-1 signaling mediates a direct inhibitory effect on T-cell-mediated killing of their target MCL cells.
Mantle cell lymphoma-reactive T cells are memory effector T cells and express high levels of perforin and granzyme B
Flow cytometry analysis was used to examine the expression of granzyme, perforin and Fas ligand (FasL) by the Tcell lines. As shown in Online Supplementary Figure S3A, Figure S3A,B) , indicating that they were memory effector T cells. 18, 19 The expression of extracellular markers CD27 and CD28 has been used to define subsets of effector and memory T cells, 20, 21 and CD27 and CD28 are major co-stimulatory receptors for T-cell growth and cytokine production. As shown in Online Supplementary Figure S3A SP53-ctl lines. However, CD28 was abundantly expressed in CD4 + and CD8 + T cells and was upregulated in effector CD8 + T cells in CTL-SP53-kd cells as compared to CTL-SP53-wt or CTL-SP53-ctl.
Mantle cell lymphoma-reactive T cells secrete interferon-γ and express CD107a
Two independent methods were used to examine the cytokine expression profiles of the T-cell lines. To determine cytokine secretion, an ELISA was used to detect IFN-γ levels in T-cell culture supernatants. After restimulation with SP53-wt, SP53-ctl or SP53-kd, all the T-cell lines secreted high levels of IFN-γ, however, CTL-SP53-kd cells secreted significantly higher levels of IFN-γ than the other two cell lines (Online Supplementary Figure S3C ; P<0.01). We also examined secretion of IL-4, IL-6 and IL-10 by the T cells, which was undetectable (data not shown). Similarly, intracellular cytokine staining showed that the proportion of CD4 + or CD8 + T cells expressing IFN-γ was higher in the CTL-SP53-kd line than in the CTL-SP53-wt or CTL-SP53-ctl lines (Online Supplementary Figure S3D ; P<0.05), while there were only few IL-4-or IL-17-expressing T cells. As CD107a has been described to be a marker for cytotoxic potential of effector CD8 + T cells, 22, 23 we examined its expression on our T cells. CD107a was expressed at a higher level on CD8 + T cells in the CTL-SP53-kd line than on CTL-SP53-wt or CTL-SP53-ctl lines (P<0.05). Collectively, this indicates that the T cells expressed IFN-γ, but not IL-4 or IL-17, and were thus type-1 T cells. 24, 25 Mantle cell lymphoma cells with down-regulated B7-H1 are more sensitive to killing by mantle cell lymhoma-specific cytotoxic T lymphocytes in vivo
To confirm the effect of B7-H1 expression on MCL cells on T-cell-mediated cytolysis in vivo, we conducted an in vivo adoptive therapy study of MCL-specific CTL in MCL-B7-H1 inhibits T-cell response to MCL tumor cells haematologica | 2013; 98 (9) 1463 
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C T L -G r a n t a 5 1 9 -w t C T L -G r a n t a 5 1 9 -c t l C T L -G r a n t a established SCID mice. As shown in Figure 6 , the wild-type (data not shown) and control (Granta-519-ctl and SP53-ctl) MCL tumors grew quickly in PBS-treated mice and the animals died within 40 days after tumor injection. Knockdown of B7-H1 (Granta-519-kd and SP53-kd) did not affect their growth in vivo. Adoptive transfer of MCL-specific CTL was therapeutic and eradicated tumors in 60% and 40% of mice injected with Granta-519-ctl and SP53-ctl, respectively, while the same treatment led to the survival of 80% and 60% of mice injected with Granta-519-kd and SP53-kd, respectively (P<0.05 and P<0.01, compared with controls). These results showed that down-regulation of B7-H1 on MCL cells improved the cells' sensitivity to CTL-mediated killing in vivo.
Discussion
There is accumulating evidence that tumor progression can be attributed to a variety of immune evasion strategies. The mechanisms include: (i) inhibition of the expression of certain cell surface antigen-presenting proteins, conferring them resistance to CTL; 26 (ii) secretion of immunosuppressive factors, such as IL-6, IL-10, VEGF and TGF-b, that inhibit effector T-cell responses; 27 (iii) expression of apoptosis-inducing cell surface proteins; 9 and (iv) insufficient T-cell co-stimulation. 9 However, the mechanism of tumor-mediated evasion of the immune system in MCL is largely unexplored. In this study, we report a new observation that B7-H1 gene and protein were expressed in most MCL cell lines and primary MCL cells from all patients examined, and expression of B7-H1 on the tumor cells led to inhibition of T-cell responses to tumor cells, which could occur during both priming and generation of an immune response and at the effector phase of T cells. Recognition of this new mechanism of MCL immune evasion will provide a new approach to the design of T-cell-based immunotherapy.
The use of different experimental systems to explore the role of B7-H1 expression may yield different results. Early studies showed that soluble B7-H1 immunoglobulin or cellassociated B7-H1 induced the proliferation of T cells in the presence of anti-CD3 mAb in vitro. 28 However, recent studies demonstrated that the interaction of B7-H1 with PD-1, a member of the CD28 family up-regulated on activated T, B and myeloid cells, inhibited both CD4 + and CD8 + T-cell responses and was overcome by IL-2. 29 In a murine acute myeloid leukemia model, B7-H1/PD-1 signaling inhibited antitumor immune responses and provided a rationale for clinical trials targeting this pathway in leukemia patients. 30 Other studies showed that cancer cell-associated B7-H1 increased apoptosis of activated T cells in vitro, and this effect was mediated largely by one or more receptors other than PD-1. 13 Recently, B7.1 has been described as a second binding receptor for B7-H1 and the B7-H1/B7.1 signaling pathway is functional in inhibiting alloimmune responses in vitro and in vivo. 31 However, it is not known whether these negative pathways are important for immune evasion in MCL. In the present study, we aimed at investigating the significance of expressed B7-H1 was knocked down, implying that B7-H1/PD-1 signaling is directly involved in inhibition of T-cell responses to MCL cells. In line with our results, a recent study by Andorsky et al. showed that B7-H1 was also expressed by anaplastic large cell lymphomas and a subset of diffuse large B-cell lymphomas and inhibited the activity of tumor-associated T cells. 32 In this study we used shRNA to knockdown B7-H1 expression on MCL cells. Although the knockdown was partial and incomplete, which is a limitation of the technology, T-cell responses to partially B7-H1-knocked down MCL cells were significantly increased as compared with the responses of control cells. This result indicates that decreased expression of B7-H1 on MCL cells triggered less negative signaling in T cells.
In this study we also investigated the contribution of B7-H1 on tumor cells to the suppression of host antitumor immunity in MCL. We generated T-cell lines from healthy donors using different, B7-H1-manipulated MCL cell lines as allogeneic antigen-presenting cells. We found that, compared with the wild-type or control cells, MCL cells with B7-H1 knockdown had a better capacity to prime tumorreactive CD8 + T cells in vitro. These T cells also showed stronger killing of target tumor cells as compared with other T cells. Moreover, T-cell lines generated in response to B7-H1-knocked down MCL cells secreted more IFN-γ than other T-cell lines and these T cells did not secrete IL-4, IL-6, IL-10 or IL-17. As we started with CD3 + T cells, our T-cell lines contained both CD4 + and CD8 + T cells. However, it is evident that CD8 + T cells in the T-cell lines played the most important role because the cytolytic activity of the T cells was only blocked by mAb against MHC class I molecules. Flow cytometry analysis showed that the CD8 + T cells expressed high levels of perforin and granzyme B but not FasL, thus these cells may lyse their target cells via the perforin-granzyme pathways. 33, 34 On the other hand, the expression of B7-H1 on MCL cells rendered them more resistant to T-cell-mediated killing, as we showed that the T cells killed significantly more MCL cells with B7-H1 knockdown as compared to the wild-type or control cells. Similarly, when B7-H1 or PD-1 blocking mAb were added, wild-type MCL cells were as sensitive as B7-H1-knocked down cells to T-cell-mediated cytotoxicity. These findings indicate that B7-H1 expression on MCL cells not only impaired their ability to prime CD8 + T-cell responses but also rendered them more resistant to T-cell killing. These observations are in line with the concept of an overall suppressive regulatory function of B7-H1 for T-cell responses and suggest MCL-expressed B7-H1 as a possible mechanism of immune escape in the disease.
In conclusion, our study demonstrated that MCL cell 
